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General Aspects of C'P Violation

When we look for C'P violation ( CP ), we search for situations where
probability for one process differs from its C'P conjugate process,

P(A— B) # P(A — B)
with
A,B % A B.
On the other hand, T and C'PT violation are related to

I: P(A— B)#P(B— A)
CPT: P(A— B)# P(B— A).
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@ So far CP has only been unambiguously observed in K, By, and
B* decays.

e (7 is typically measured through asymmetries. These are ratios
of branching ratios of the form

I-T

:F_i_f.

@ There are basically two processes sensitive to C'P: decay and
oscillation.
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In order to see CF we need two amplitudes to interfere. Thus there are
three options:

e Direct OF: CP violation in decay, interference between decay
amplitudes.

e Indirect C#: CP violation in mixing.

e C'7 in interference of mixing and decay.

October



e It is conceptually simple: For a C'P asymmetry in the decay
X — f we have

oy = [FIXIE = (A1)
SEEESE

where the X and f are the CP conjugates of X and f respectively.

@ ...but the price we pay for this simplicity is that they are hard to
compute from first principles.
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Meson Mixing and Oscillation

e Mixing: Theoretical concept. Flavor eigenstates are different from
the mass eigenstates.

@ Oscillation: Time evolution of a flavor state transforms it into
another flavor state due to the mismatch of energy eigenstates.

The most famous example is kaon mixing between

K% =3%d and FO = ds.
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The flavor-changing K° — K’ mixing occurs only at loop level due to
box diagrams of the form

U, c, t

vy
£
o

~

ISH|

(MSPF-Sonora) Flavor Physics, C October 26, 2018 7/ 29



Weisskopf-Wigner mixing formalism

. . —0
o Ceneric neutral meson-antimeson system X° — X .
o X' =K D% BYor B,.

e Transformation properties under P and C
PIX%) = -|X°) PIX") = -|X")
=0 =0
ClxX%) = |X7) CIX") = |1X°)

o CP transformation

CPIX% =—|X% and CP|X% = —|XY).
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@ Time evolution and mixing: Two state Hamiltonian

o Finite life-time effects: Non-Hermitian Hamiltonian (Open system,
one particle states may evolve into states that are not accounted
for in the two state Hamiltonian)

e = Effective Hamiltonian

H:M—ZI‘:<

My — 4Ty Mg — ;Fu)
2

12~ 2+ 12 22 — 35122
Where

Mt =M, rf=r,
40
1) = X9, 2) = |X7).

(MSPF-Sonora) Flavor Physics, CPT October 26, 2018 9/ 29



e CPT invariance of H requires
My = My = M, 'y =Te=T.

( M — %F Mo — ;Fu)

1
= H=M--I'=( .. 2 ]

2

e Diagonalizing H gives the two mass eigenvalues and the two
widths.
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Diagonalizing 2 X 2 matrices

Let’s focus first in the limit of vanshing I':

o Given a Hermitian 2 x 2 matrix,

)

one should remember that the mixing angle 6 is given by

pild

a—cC

tan 26 = (2)

o In the case where a = ¢, we get a maximal mixing 6 = 7/4 even
when |b| is very small!
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e Taking for example

in the Schrdinger equation
4 XO(t) _u(l e XO(t)
a \x°t)) ~ T \e 1)\X’0))"

XO() = emiMt [cos(eMt)XO(O) - isin(eMt)Yo(O)} ,

gives

XO(t) = e~iMt [cos(eMt)Yo(O) - isin(eMt)XO(O)} :

e This is the magic of meson-mixing: small perturbation = large
effect (full mixing).

o A small € implies slow oscillation, but the oscillation turns the
initial X into 100% X in half a period.
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General case I'" # 0

The physical eigenstates are labeled conventionally as Heavy (H) and
Light (L)

=0 -0
[ Xu) =p|X%) +¢|X7),  [Xp)=p|X") —q|X)
and the corresponding eigenvalues are defined as
Mx, —ilx, = M — i+ 1(AM — AD).
L L

Note that for ¢ = p these are C'P-eigenstates: CP|Xu) = F|Xu).
L L
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In terms of the H parameters,
p M2~ il
q Mgy — 5135
while AM and AI are the solutions of

1
(AM)? = 2(AT)? = 4| Myo[* — [Trof”
AMAT = 4Re(M;2T%,).
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0 =0
K° — K~ System

For Kaons we label the states differently: Long (L) and Short (S) . The
eigenvalues of the 2 x 2 Hamiltonian are

Mg, — 4Tk, = M — i+ Z(AM — JAT)
S S

and the corresponding eigenvectors are

1 70
Ki)=—oo |[(1+ 6K £ (1 - ¢)|K
Ky) = o |1+ IR £ (1- 9IK)
with
p_l+4e
q_l—é'

In the limit € — 0 these are C'P-eigenstates:

CP|KL) = —|KL), CP|Ks) = |Kg).
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Since
CP|rm) =g = |77 ¢=0, CP|nmm) =g = —|m77)0=0.

if CP were a good symmetry:
o K; — mrmm and Kg — nw are allowed,
o K; — mm and Kg — mrm are forbidden.

C'P-violation in mixing occurs when € # 0, allowing the observation of
K; — mm and Kg — o, J
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This is very close to what is observed:

Br(Kg — mr) = 100.00 % 0.24%
Br(Kp, — mr) = 0.207 + 0.023%
Br(Kp — mrm) = 33.9 £ 1.2%

Hence, we conclude
@ ¢ is small
e CP is not a symmetry

@ The longer life-time of K,

Tig = 0.59 x 10710 s

7K, =518 x 107 5

is accidental (mpg — 3m, leaves less phase space for the decay in
comparison with myg — 2my).
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CPV in Mixing

For the K0 — K° system we define the K semileptonic decay
charge-asymmetry, which is a measure of CP violation:

(K, —» 7 etv)—T(Kp = nte v)

5=
I'Kp = 7metv)+T'(Kp - e D)

In order to compute this we use the expansion of Ky, in terms of flavor
. —0
eigenstates K and K and we assume

e The underlying process is s — ue” v (or § — ue'v), so that
(n=e | Hw K () = 0 = (r* e v|Hy|K°(1))

e COP is in the mixing only (through the parameter ¢)
e CP is a good symmetry of the decay amplitude:
(m~ et | Hy |KO(t)) = (x e v| Hy |K(t)).
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With these assumptions one can show that

41—

= ~ 2R
T+ e+ |1—ef e

Experimental measurement gives dexp, = 0.330 £ 0.012%, from which
Ree ~ 1.65 x 1073.
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: .. 0 . .
Time Evolution in X% X mixing.

As K1 and Kg are eigenvectors of H their time evolution is quite
simple

.d -
Z@!XH,H = My, — 5Tn,0)| Xm,L)
1

= | Xpr(t) = e Murte 2Lt Xy 1 (0)).

Inverting in favor of the original states:
1X7)
X)

(1 Xm) + X)),
(| Xm) —1XL))-

1
2p
1
2q
we obtain

1

X00) = g [em Ve X 0) 4 e X 0)
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and in terms of the states X° and YO att=0

X)) = f+ (B X°0) + Lf- () X" (0))

where
fu(t) =1 o~ iMpt ,—3Tut j:e—iMLte—%FLt}
_ %e—iMHte—%I‘Ht {1 + ez‘AMte%AFt]
_ %e—iMLte—%FLt [e—z’AMte—%AFt + 1}
Similarly,

X(8)) = 2 ()] X°(0)) + £ (D)X (0)).
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CP in Interference of Mixing and Decay

Consider an asymmetry constructed from I' = I'(X® — f) and
= F(XO — f), where f stands for some final state and f for its C P
conjugate. If both X° and X° can decay to the same common state

/\ /\
\/ \/
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@ Specializing in the case of the B® meson, the approximations
Ip/q] =1 and AT = 0 simplify the evolution expressions:

cos(%AMt)

)~ o iMt— 5Tt
f+®) —1 sin(%AMt)

o Assuming f = +f (valid for D¥* D~ or, to good approximation,
J/YKg) we have Af = +A; and /T? = + Ay rendering

f-OAf + [ (O AP = [f (D) Ay + L () Af?
f-(OAg + fr(OAf P+ [f+(0) Af + Lf- (D) Ag?
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o Now, dividing by |A|? and defining

_ a4y
pAy
we have
Ao = |- (t) + FrOAf[P = [f () + f-(0)Af]?
Ter T + Fr @A = 1f+ () + F- () A2
1—|2f|? 2Im\
—1+})\;}2COS(AM15) T f’2 sin(AMt)

= —Cfcos(AMt) + Sysin(AMt)

@ )\ is a physical combination of parameters. The first fraction has
to do with mixing while the second fraction has to do with decay.
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Surprisingly, the coefficients C'y and Sy can be computed in terms of
CKM elements only. They are independent of non-computable,
non-perturbative matrix elements!

Example: BY — f and B = f with f =D*tD—,

Ap+p- XV Vg
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e As far as the strong interactions are concerned, the two diagrams
are identical, thus
Aptp- _ Ve Vea
Aptp- ViV

e Since |Ap+p-/Ap+p-| =1, this is a pure phase, and we see that
the phase is given purely in terms of CKM elements.
To complete the argument we need ¢/p. For B?, T'15 is negligible.
A detailed calculation shows that
p _ 2Mi2  AM Mz ViV

¢ AM - 2Mj, M|V, Vi

e Collecting results

Im (Ap+p-) =Im (Cf‘zdtbtf> = Im(e*?) = sin(2)
‘/(F?b‘/(;d ‘/;b td
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The angle 8 has a simple interpretation: is one of the angles of the
unitary triangle defined by one unitarity condition of the CKM:

(p;m)

Vud VJb

(070) ‘/cd c’z (170)
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